The triggering receptor expressed on myeloid 2 (TREM2) is an immune phagocytic receptor expressed on brain microglia known to trigger phagocytosis and regulate the inflammatory response. Homozygous mutations in TREM2 cause Nasu -Hakola disease, a rare recessive form of dementia. A heterozygous TREM2 variant, p.R47H, was recently shown to increase Alzheimer''s disease (AD) risk. We hypothesized that if TREM2 is truly an AD risk gene, there would be additional rare variants in TREM2 that substantially affect AD risk. To test this hypothesis, we performed pooled sequencing of TREM2 coding regions in 2082 AD cases and 1648 cognitively normal elderly controls of European American descent. We identified 16 non-synonymous variants, six of which were not identified in previous AD studies. Two variants, p.R47H [P 5 9.17 3 10 24
INTRODUCTION
Homozygous loss-of-function mutations in the triggering receptor expressed on myeloid cells 2 protein [TREM2 (OMIM 605086)] were initially associated with an autosomal recessive form of early-onset dementia, polycystic lipomembranous osteodysplasia with sclerosing leukoencephalopathy [PLOSL (MIM 221770)], also known as Nasu -Hakola disease, in Swedish and Norwegian families (1) . Subsequently, mutations in TREM2 were found worldwide in PLOSL patients from different countries and ethnic origins (1 -4) . PLOSL patients carrying different TREM2 variants exhibit a similar clinical phenotype with respect to the neurologic and skeletal abnormalities (1 -4) . The clinical spectrum of disease associated with TREM2 variants was expanded after the identification of three patients from a Lebanese family carrying mutations in TREM2 that exhibited early-onset dementia without skeletal symptoms (bone cysts) (5) . Additional TREM2 variants were also found † These authors contributed equally to this work. * To whom correspondence should be addressed at: Department of Psychiatry, Washington University School of Medicine, 660 South Euclid Avenue B8134, St. Louis, MO 63110, USA. Tel: +1 3143628691/+1 3142860546; Fax: +1 3143622244; Email: goatea@psychiatry.wustl.edu (A.M.G.); ccruchaga@ wustl.edu (C. C.) in three Turkish probands with frontotemporal-like dementia without any bone-associated symptoms (6) .
Recently, two independent studies reported that a heterozygous rare variant in TREM2 p.R47H is significantly associated with Alzheimer's disease [AD (MIM 104300)], with an odds ratio (OR) similar to that of an individual carrying one APOE 14 allele (6, 7) . Subsequently, the association of p.R47H with AD risk was replicated in Spanish and French populations (8, 9) . Several studies also found that TREM2 variants are associated with Parkinson's disease, frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . Thus, TREM2 variants exhibit pleiotropic effects producing a spectrum of disorders that ranges in clinical phenotypes from skeletal abnormalities to neurodegeneration.
Multiple variants in the same gene increase AD risk (e.g. APP, PSEN1, PSEN2, APOE, and PLD3) (21) . Interestingly, another APP variant, p.A673T, was reported to reduce risk for AD (22) , demonstrating that both protective and risk variants can coexist in the same gene. This notion is further supported by two common variants in APOE (APOE 12 and APOE 14), which have strong effects on AD risk but in opposite directions (23, 24) . To date, the only variant in TREM2 known to significantly affect AD risk is p.R47H (6, 7) . Recently, a study has sequenced TREM2 coding regions in a Belgian population and found additional coding variants in TREM2 (25) . Additionally, an enrichment of TREM2 variants in both AD and FTD patients compared with controls was reported even though none of the rare variants were individually significant (25) . Thus, we hypothesize that additional functional variants may be present in TREM2 that significantly increase or reduce AD risk. To test this hypothesis, we performed deep re-sequencing studies in the TREM2 coding regions in samples of European American (EA) descent to identify novel TREM2 variants that are associated with AD risk. Our previous work has shown that the pooled-DNA sequencing strategy can effectively identify novel rare variants in genes of interest associated with AD risk (21, (26) (27) (28) (29) (30) . In this study, we used the same method and demonstrated that TREM2 contains additional rare variants that increase AD risk. Further analysis of the underlying mechanisms by which these variants alter TREM2 function could provide important insights into AD pathogenesis.
RESULTS
To determine whether additional TREM2 variants contribute to AD risk, AD cases and controls with similar characteristics, including age and gender distributions, were sequenced using a pooled sequencing strategy ( Table 1) . As expected, the percentage of APOE e4 allele-positive individuals is significantly higher in cases compared with controls. Pooled sequencing identified 16 rare variants in TREM2, six of which were not identified in the recent studies (6, 7, 25) Table 3 ) after directly genotyping all sampled individually from 13 (for p.R47H) and 21 (for p.R62H) independent families respectively. Other variants were either too rare or the families were not sufficiently large to provide statistical evidence of association with disease within and across families (Table 3 and Supplementary Material, Table S2 ). These results strongly support p.R62H as a risk factor for AD in addition to p.R47H.
Two of the identified TREM2 (p.W191X and p.E202D, found exclusively in AD cases) variants are located in the coding region of the predicted shortest transcript (ENST00000338469), encoding a soluble form of TREM2 (sTREM2). However, it remains unclear whether sTREM2 results from alternative splicing or sequential cleavage of the transmembrane form of TREM2 molecules. To confirm the existence of this alternative transcript, we performed polymerase chain reaction (PCR) on cDNA from two human brains using transcript-specific primers to amplify each isoform based on the Ensembl database. Gel electrophoresis analysis confirmed that there are at least three distinct TREM2 transcripts: ENST00000373113, ENST00000373122 and ENST00000338469 expressed in the parietal cortex of human brain (Fig. 1C) . The variant p.W191X is predicted to result in a premature stop codon in the ENST00000338469 transcript; however, the impact of this variant on AD pathogenesis remains unknown, due to the rarity of the allele (1/1816 cases).
DISCUSSION
TREM2 is a Type I transmembrane receptor protein expressed on myeloid cells including microglia, monocyte-derived dendritic cells, osteoclasts and bone-marrow derived macrophages (31, 32) . Additionally, protein expression of TREM2 in neurons has been reported (33) . TREM2 transduces its intracellular signaling through DAP12 (TYROBP) (31, 32) . Although the natural ligands of TREM2 remain unknown, upon ligand binding, TREM2 associates with DAP12 to mediate downstream signaling. In the brain, TREM2 is primarily expressed on microglia and has been shown to control two signaling pathways: regulation of phagocytosis and suppression of inflammatory reactivity (34) (35) (36) . A previous study used microarray and laser microdissection of beta amyloid (Ab) plaque-associated areas in an animal model of AD and found that TREM2 is differentially expressed in Ab plaque-associated versus Ab plaque-free tissue (37) . Several studies have shown that homozygous loss-offunction mutations in TREM2 or DAP12 are associated with PLOSL (1 -4). Recent studies identified a TREM2 variant p.R47H as a risk factor for LOAD with an OR 3 (6,7), which is similar to the increased AD risk associated with carrying one APOE 14 allele (38). Several additional rare variants were enriched in AD cases; however, these variants failed to reach statistical significance (6, 7, 25) . To our knowledge, this study is the largest deep re-sequencing study to date which aims to identify novel rare coding variants in TREM2. Sixteen rare coding variants were observed in TREM2, including two variants (p.R47H and p.R62H) that were significantly associated with AD risk and six novel variants that were not found in previous studies (6, 7, 25 Table S1 ), suggesting that most of the statistical significance for the gene-based association comes from these two variants. However, the OR for the gene-based analyses when these two variants were removed was 2.95 (Supplementary Material, Table S1 ), suggesting that additional very low-frequency variants may have a larger effect size for AD risk than p.R47H and p.R62H. This observation is also supported by the fact that 9 out of 16 TREM2 variants These values were derived from This P-value summarizes the gene-based association of the identified SNP set and was estimated using the SKAT-O algorithm. are only identified in 13 AD cases and no controls. The lack of association after excluding p.R47H and p.R62H is likely due to the rarity of the other variants and a lack of statistical power. In order to identify which of the remaining variants affect risk for AD, functional studies will be required. Like p.R47H, most of the identified variants are located in the extracellular domain of TREM2. Our data also support the notion that rare complete or partial loss-of-function mutations in TREM2 affect risk for AD by influencing downstream signaling including mediation of phagocytosis of cell debris and amyloid plaques and suppression of inflammatory reactivity (6,7). We also evaluated the impact on the analysis of excluding individuals who could not be included in the principal components analysis (PCA) owing to a lack of genome-wide association study (GWAS) data. After removing individuals without GWAS data, a total of 1724 AD cases and 1437 controls were included in the analyses. The single-variant association changed slightly but still surpassed the multiple-testing threshold: p. R47H ). These results suggest that the SNP-level and gene-level significant associations using data including individuals with/without GWAS data are not false positives due to population substructure.
We also identified two variants, p.W191X and p.E202D, which are predicted to be located in the coding region of the shortest transcript (ENST00000338469), encoding a soluble form of TREM2 (sTREM2) according to Ensembl. A soluble isoform of TREM2 protein has been described as a transcript that encodes a soluble form of TREM2 (39, 40) . Extracellular TREM2 could be derived from the sTREM2 alternative transcript, a posttranslational cleavage product, or a combination of both. A previous study has described the presence of soluble TREM2 protein in human cerebrospinal fluid (CSF) and serum (41) . Furthermore, CSF levels of sTREM2 were found to be elevated in patients with multiple sclerosis (41) . Experimental data suggest that soluble TREM1 results from sequential cleavage of the transmembrane form of this related protein (41, 42) and so TREM2 may be cleaved in a similar fashion. In this study, we showed the presence of cDNA corresponding to the predicted sTREM2 transcript in the brain tissue from AD cases (Fig. 1C) . In summary, this study provides evidence of the presence of sTREM2 mRNA in the human brain. The p.W191X variant introduces a nonsense mutation into this sTREM2 transcript at codon 191. It is unclear whether this would result in a truncated protein or removal of the mutant mRNA by nonsense mediated decay.
In conclusion, we replicated the association for p.R47H with increased risk for AD and uncovered a significant association for p.R62H with increased AD risk. Our family-based association analyses demonstrate that p.R47H and p.R62H are associated with AD, which supports them as risk factors for AD. Our gene-based analyses clearly demonstrate that the combined effects of variants in TREM2 are highly significant even when the previously identified risk variant, p.R47H, is excluded from the analysis. Most of the identified variants are located in the TREM2 ectodomain, presumed to be involved in ligand binding. Additionally, since homozygous p.Q33X variants cause Nasu -Hakola disease due to complete loss of function, we propose that additional variants in the ectodomain of TREM2, including the two significant variants p.R47H and p.R62H, are partial loss of function alleles that affect ligand binding/signal transduction of TREM2.
MATERIALS AND METHODS

Participants and study design
The Institutional Review Board (IRB) at the Washington University School of Medicine in Saint Louis approved the study. Family-based association analysis was performed for variants when samples from family members of the probands were available. The same variant was genotyped to test whether the rare allele is associated with disease status. Variants, number of families performed, variant type, the number of affected carriers, non-carriers and un-affected carriers, non-carriers, the average and standard deviation of age at onset (years) for the affected individuals and the average and standard deviation of age at last assessment (years) for the unaffected individuals were shown. All of the confirmed carriers only carried one rare allele. A two-tailed Fisher's exact test was used to determine evidence of segregation for each variant. * Denotes significant association. NA represents not applicable.
A written informed consent was obtained from participants and their family members by the Clinical Core of at the Charles F. and Joanne Knight Alzheimer's Disease Research Center (Knight-ADRC). The approval number for the Knight-ADRC Genetics Core family studies is 93-0006.
Knight-ADRC study
Disease association analyses were initially performed in a total of 1082 AD cases and 706 cognitively normal controls of EA descent confirmed by PCA and matched for age and gender (Table 1) . These samples were collected at the Knight-ADRC at Washington University and were evaluated by the Clinical Core of the Knight-ADRC. Cases received a clinical diagnosis of AD dementia in accordance with standard criteria, and dementia severity was determined with the clinical dementia rating (CDR) (43), with higher scores being associated with more severe cognitive decline. Controls underwent the same assessment but were cognitively normal. The Knight-ADRC samples were recruited without enrichment based on family history.
NIA-LOAD study
NIA-LOAD Study case-control series consists of one affected individual from each of 1000 families multiply affected by AD and 942 healthy unrelated controls, with no family history of dementia in first degree relatives, of EA descent (Table 1 ). All AD cases were diagnosed with dementia of the Alzheimer''s type (DAT) using criteria equivalent to the National Institute of Neurological and Communication Disorders and Stroke-Alzheimer''s Disease and Related Disorders Association (NINCDS-ADRDA) for probable AD (44) . All NIA-LOAD AD cases had a family history of AD. Probands were required to have a diagnosis of definite or probable AD and a sibling with definite, probable or possible AD with a similar age at onset. A third biologically related family member (first, second or third degree) was also recruited, regardless of cognitive status. Within each pedigree, we screened one individual from each family by selecting the youngest affected family member with the most definitive diagnosis (i.e. individuals with autopsy confirmation were chosen over those with clinical diagnosis only). Written informed consent was obtained from all participants, and the study was approved by local IRB committees. Unrelated controls were cognitively normal and had no family history of dementia.
Human brains and RNA extraction
Parietal lobes from EA autopsy-confirmed AD (N ¼ 2) case brains were acquired from the Knight-ADRC. Subjects selected for validating TREM2 alternative splicing did not carry any TREM2 variants. All subjects signed and provided the hospital autopsy form. If the participant does not provide future consent before death, the DPOA (durable power of attorney) or next of kin provide it after death. The Washington University IRB reviewed the protocol operated by Knight-ADRC Neuropathology Core and determined the study was exempt from approval. RNA was extracted from brain tissue using an RNeasy kit (Qiagen) following the manufacture's protocol. cDNA was synthesized from the extracted RNAs (10 mg) by the PCR using the High-Capacity cDNA Reverse Transcriptase kit (ABI).
TREM2 sequencing
TREM2 was sequenced in 2082 AD cases and 1648 cognitively normal elderly controls of EA descent using pooled-DNA sequencing as previously described (27, 45, 46) . Equimolar amounts of individual DNA samples were pooled together after being measured using Quant-iT TM PicoGreen (Invitrogen) reagent. Pools with 100 ng of DNA from 94 individuals were made. Five exons covering 2090 bp of the target regions of TREM2 were amplified by the PCR using specific primers and Pfu Ultra high-fidelity polymerase (Agilent). An average of 20 diploid genomes ( 0.14 ng DNA) per individual was used as the input. PCR products were cleaned using QIAquick PCR (Qiagen) purification kits, quantified using Quant-iT PicoGreen reagent and ligated in equimolar amounts using T4 Ligase and T4 Polynucleotide Kinase. After ligation, concatenated PCR products were randomly sheared by sonication and prepared for sequencing on an Illumina MiSeq machine according to the manufacturer's specifications. The pCMV6-XL5 amplicon (1908 bp) was included in the reaction as a negative control. The positive controls contained 10 different constructs (p53 gene) with synthetically engineered mutations at an assigned frequency of one mutated copy per 188 normal copies were amplified and pooled with the PCR products. Paired-end reads (150 bp) were aligned to the reference TREM2 sequence using SPLINTER (46) . SPLINTER uses the positive controls to estimate sensitivity and specificity for variant calling. The wild-type-to-mutant ratio in the positive control was similar to the relative frequency expected for a single mutation in one pool (1 chromosome mutated in 94 samples ¼ 1/188). SPLINTER uses the negative controls (first 900 bp) to model the error rates across the 150 bp Illumina reads and to create an error model from each sequencing run of the machine. Based on the error model, SPLINTER calculates a P-value for the probability that a predicted variant is a true positive. A P-value at which all mutants in the positive controls were identified was defined as the cutoff to estimate the sensitivity and specificity. All mutants included as part of the amplified positive control vectors were found upon achieving .30-fold coverage at mutated sites (sensitivity ¼ 100%) and only 80 sites in the 1908 bp negative control vector were predicted to be polymorphic (specificity ¼ 95%). The variants with a P-value below this cutoff value were considered for follow-up genotyping.
SNP genotyping and segregation with disease
All rare missense or splice site variants identified by SPLINTER were validated by directly genotyping all sequenced individuals using Sequenom iPLEX or KASPar genotyping systems as described previously (21, 27) . To avoid potential batch/plate effects, genotyping was repeated with heterozygous cases or controls that were randomly assigned in the plates. The genotype call rate of these SNPs was .98%. We validated TREM2 variants by genotyping in all available family members to determine whether these variants segregate with disease status.
Population structure
A PCA was conducted to infer genetic structure of individuals who have GWAS data available using the EIGENSTRAT software as previously described (47) . Samples were excluded if not located within the EA cluster (Supplementary Material, Fig. S1 ). Individuals who do not have GWAS data available were included in the study if the self-reported ethnicity was nonHispanic European.
Statistical analyses
We used the Fisher's exact test to test for association between AD risk and each genetic variant using PLINK (48) . For the gene-based association, we tested for association between the confirmed set of variants in TREM2 and AD risk using SKAT-O conducted using R package SKAT (49) . The multipletesting correction cutoff for the single-variant analysis using Bonferroni correction for 16 tests is 3.3 × 10 23 (0.05/16). The gene-level significant threshold is defined by type-I error rate divided by the number of human genes (0.05/20 000 ¼ 2.4 × 10
26
). For the family-based association analysis, we used the Fisher's exact test to determine whether any TREM2 variants are associated with disease status within families.
Bioinformatics analysis
The EVS (http://eversusgs.washington.edu/EVS), SeattleSeq Annotation (http://snp.gs.washington.edu/SeattleSeqAnnota tion137/) and the Ensembl Genome Database (http://useast. ensembl.org/index.html) were used to annotate the rare variants. Polyphen algorithms were used to predict the functional effect of the identified variants. The Uniprot database (http://www.unip rot.org/) was used to extract and perform alignment of the protein sequences across different species.
Alternative splicing validation
According to Ensembl, TREM2 encodes three alternative transcripts (ENST00000373113, ENST00000373122 and ENST00000338469). To evaluate TREM2 alternative splicing and determine whether these transcripts exist in the human brain, cDNA isolated from parietal lobes of two Alzheimer's disease brains were amplified using PCR with Pfu (Agilent) enzyme. The PrimerQuest Design Tool (Integrated DNA Technology) was used to design primers spanning exon junctions. PCR primers include a forward primer located in the junction between exons 3 and 4 and a reverse primer located in exon 4 of the longest transcript ENST00000373113 (see Supplementary Material, Table S5 and Fig. S2 for primers and the expected amplicon lengths). For the transcript ENST00000373122, we designed a unique forward primer, which only exists in this transcript, located in the exon 3-exon 4 junction and a reverse primer located in exon 4 to amplify the sequence (see Supplementary Material, Table S5 for designed primers and the expected length). For the transcript ENST00000338469, a forward primer located in exons 3 -exon 5 junction and a reverse primer located in exon 5 were used to amplify this transcript (see Supplementary Material, Table S5 and Fig. S2 for primers and the expected amplicon lengths). Each PCR reaction contains 7.5 ml of PerfeCTa SYBR Green FastMix (Quanta Biosciences), 720 nM forward and reverse primers, and 15 ng of cDNA in a final volume of 15 ml. Then incubate the reaction mix using a program as follows: (1) 458C for 2 min; (2) 958C for 2 min; (3) 958C for 15 s; (4) 608C for 1 min; (5) repeat steps 3 -4 for 40 cycles. The resulting PCR product was run on a 2% agarose gel and visualized on a Syngene Imaging system.
SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
